Cabibbo-allowed two-body hadronic weak decays of bottom baryons are analyzed. Contrary to the charmed baryon sector, many channels of bottom baryon decays proceed only through the external or internal W -emission diagrams. Moreover, W -exchange is likely to be suppressed in the bottom baryon sector. Consequently, the factorization approach suffices to describe most of the Cabibbo-allowed bottom baryon decays. We use the nonrelativistic quark model to evaluate heavyto-heavy and heavy-to-light baryon form factors at zero recoil. When applied to the heavy quark limit, the quark model results do satisfy all the constraints imposed by heavy quark symmetry. The decay rates and up-down asymmetries for bottom baryons decaying into for |V cb | = 0.038 is consistent with the recent CDF measurement. We also present estimates for Ω c → 3 2 + + P (V ) decays and compare with various model calculations.
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Introduction
While many new data of charmed baryon nonleptonic weak decays became available in recent years, the experimental study of hadronic weak decays of bottom baryons is just beginning to start its gear. This is best illustrated by the decay mode Λ b → J/ψΛ which is interesting both experimentally and theoretically. Its branching ratio was originally measured by the UA1 Collaboration to be (1.8±1.1)×10 −2 [1] . However, both CDF [2] and LEP [3] Collaborations did not see any evidence for this decay. The theoretical situation is equally ambiguous: The predicted branching ratio ranges from 10 −3 to 10 −5 . Two early estimates [4, 5] based on several different approaches for treating the Λ b → Λ form factors yield a branching ratio of order 10 −3 . It was reconsidered in [6] within the nonrelativistic quark model by taking into account the 1/m Q corrections to baryonic form factors at zero recoil and the result Encouraged by the consistency between experiment and our nonrelativistic quark model calculations for Λ b → J/ψΛ, we would like to present in this work a systematic study of exclusive nonleptonic decays of bottom baryons (for earlier studies, see [10, 11] ). Just as the meson case, all hadronic weak decays of baryons can be expressed in terms of the following quark-diagram amplitudes [12] : A, the external W -emission diagram; B, the internal Wemission diagram; C, the W -exchange diagram and E, the horiztonal W -loop diagram. The external and internal W -emission diagrams are usually referred to as color-allowed and colorsuppressed factorizable contributions. However, baryons being made out of three quarks, in contrast to two quarks for mesons, bring along several essential complications. First of all, the factorization approximation that the hadronic matrix element is factorized into the product of two matrix elements of single currents and that the nonfactorizable term such as the W - 1 See the erratum in [6] .
exchange contribution is negligible relative to the factorizable one is known empirically to be working reasonably well for describing the nonleptonic weak decays of heavy mesons [13] .
However, this approximation is a priori not directly applicable to the charmed baryon case as 
, it is clear that R is of order unity in the charmed baryon case, while it is largely suppressed in bottom baryon decays.
Therefore, although W -exchange plays a dramatic role in charmed baryon case (it even dominates over the spectator contribution in hadronic decays of Λ + c and Ξ 0 c [5] ), it becomes negligible in inclusive hadronic decays of bottom baryons. It is thus reasonable to assume that the same suppression is also inherited in the two-body nonleptonic weak decays of 2 This is different from the naive color suppression of internal W -emission. It is known in the heavy meson case that nonfactorizable contributions will render the color suppression of internal W -emission ineffective.
However, the W -exchange in baryon decays is not subject to color suppression even in the absence of nonfactorizable terms. A simple way to see this is to consider the large-N c limit. Although the W -exchange diagram is down by a factor of 1/N c relative to the external W -emission one, it is compensated by the fact that the baryon contains N c quarks in the limit of large N c , thus allowing N c different possibilities for W exchange between heavy and light quarks [14] . bottom baryons. Second, for charmed baryon decays, there are only a few decay modes which proceed through external or internal W -emission diagram, namely, Cabibbo-allowed Ω
However, even at the Cabibbo-allowed level, there already exist a significant number of bottom baryon decays which receive contributions only from factorizable diagrams (see Tables II and III below) and Λ b → J/ψΛ is one of the most noticeable examples. For these decay modes we can make a reliable estimate based on the factorization approach as they do not involve troublesome nonfactorizable pole terms. Moreover, with the aforementioned suppression of W -exchange, many decay channels are dominated by external or internal W -emission.
Consequently, contrary to the charmed baryon case, it suffices to apply the factorization hypothesis to describe most of Cabibbo-allowed two-body nonleptonic decays of bottom baryons, and this makes the study of bottom baryon decays considerably simpler than that in charmed baryon decays.
Under the factorization approximation, the baryon decay amplitude is governed by a decay constant and form factors. In order to study heavy-to-heavy and heavy-to-light baryon form factors, we will follow [6] + + P (V ). As the conventional practice, we then make the pole dominance assumption for the q 2 dependence to extrapolate the form factor from zero recoil to the desired q 2 point.
The layout of the present paper is organized as follows. In Sec. II we first discuss (8), respectively, the two-body nonleptonic decays of bottom baryon can be classified into:
and
where B * c designates a spin-
sextet charmed baryon. In [12] we have given a general formulation of the quark-diagram scheme for the nonleptonic weak decays of charmed baryons, which can be generalized directly to the bottom baryon case. The general quark diagrams for decays in (2.1) and (2.2) are: the external W -emission A, internal W -emission diagrams B and B ′ , W -exchange diagrams C 1 , C 2 and C ′ , and the horizontal W -loop diagrams E and Fig. 2 of [12] for notation and for details). 
is not. Note that, contrary to the charmed baryon case, the horizontal W -loop diagrams (or the so-called penguin diagrams under one-gluon-exchange approximation) can contribute to some of Cabibbo-allowed decays of bottom baryons. Since the two spectator light quarks in the heavy baryon are antisymmetrized in B Q (3) and symmetrized in B Q (6) and since the wave function of B (10) (8) decays:
They all only receive contributions from the W -exchange diagram C ′ S . We have shown In Tables II and III 
Factorizable Contributions
At the quark level, the hadronic decays of bottom baryons proceed the above-mentioned various quark diagrams. At the hadronic level, the decay amplitudes are conventionally evaluated using factorization approximation for quark diagrams A and B ′ and pole approximation for the remaining diagrams B, Table III , 20 of them receive contributions only from factorizable terms. Furthermore, as discussed in the Introduction, the W -exchange contribution to the inclusive decay rate of bottom baryons relative to the spectator decay is of order 32π
It is thus reasonable to assume that the same suppression persists at the exclusive two-body decay level. The penguin contributions E and E ′ to the Cabibbo-allowed decay modes e.g.,
s Ω c (see Table II ) can be safely neglected since the Wilson coefficient c 6 (m b ) of the penguin operator O 6 is of order 0.04 [18] and there is no chiral enhancement in the hadronic matrix element of O 6 due to the absence of a light meson in the final state. Therefore, by neglecting the W -exchange contribution as a first order approximation, we can make sensible predictions for most of decay modes exhibited in Tables II and III . As for the nonfactorizable internal W -emission B, there is no reason to argue that it is negligible.
To proceed we first consider the Cabibbo-allowed decays B b (
where ε µ is the polarization vector of the vector meson. The QCD-corrected weak Hamiltonian responsible for Cabibbo-allowed hadronic decays of bottom baryons read
with O 1 = (ūs)(bc) and O 2 = (ūc)(bs), where
Under factorization approximations, the external or internal W -emission contributions to the decay amplitudes are given by
and 
is the mass of the initial (final) baryon, f P and f V are the decay constants of pseudoscalar and vector mesons, respectively, defined by
with the normalization f π = 132 MeV. In the naive factorization approach, the coefficients a 1 for the external W -emission amplitude and a 2 for internal W -emission are given by
) and a 2 = (c 2 +
). However, since naive factorization fails to describe colorsuppressed decays of heavy hadrons, for example the predicted rate of Λ + c → pφ in the naive approach is too small [15] , we will thus treat a 1 and a 2 as free parameters.
Since we shall consider heavy-to-heavy and heavy-to-light baryonic transitions, it is clear that HQET is not adequate for our purposes: the predictive power of HQET for baryon form factors at order 1/m Q is limited only to antitriplet-to-antitriplet heavy baryonic transition.
Hence, we will follow [6] to apply the nonrelativistic quark model to evaluate the weak current-induced baryon form factors at zero recoil in the rest frame of the heavy parent baryon, where the quark model is most trustworthy. This quark model approach has the merit that it is applicable to any heavy-to-heavy and heavy-to-light baryonic transitions at maximum q 2 and that it becomes meaningful to consider 1/m q corrections so long as the recoil momentum is smaller than the m q scale.
The complete quark model results for form factors f i and g i at zero recoil read [6] 
10) for the 6 baryon B i , and N f i is a flavor factor:
for the heavy quark Q in the parent baryon B i transiting into the quark q (being a heavy quark Q ′ or a light quark) in the daughter baryon B f . It has been shown in [6] that the quark model predictions agree with HQET for antitriplet-to-antitriplet (e.g.,
form factors to order 1/m Q . For sextet Σ b → Σ c and Ω b → Ω c transitions, the HQET predicts that to the zeroth order in 1/m Q (see e.g., [19] )
where ω ≡ v · v ′ , ξ 1 and ξ 2 are two universal baryon Isgur-Wise functions with the normalization of ξ 1 known to be ξ 1 (1) = 1. From Eq.(2.12) we obtain
13)
with
14)
Since N f i = 1 and η = 1 for sextet-to-sextet transition, it follows from (2.10) that
15)
It is easily seen that at zero recoil ω = 1, the quark model results (2.15) are in accord with the HQET predictions (2.13) provided that
This is precisely the prediction of large-N c QCD [20] .
Two remarks are in order. First, there are two different quark model calculations of baryon form factors [21, 22] prior to the work [6] . An obvious criterion for testing the reliability of quark model calculations is that model results must satisfy all the constraints imposed by heavy quark symmetry. In the heavy quark limit, normalizations of heavy-toheavy form factors and hence some relations between form factors at zero recoil are fixed by heavy quark symmetry. These constraints are not respected in [21] . While this discrepancy is improved in the work of [22] , its prediction for Λ b → Λ c (or Ξ b → Ξ c ) form factors at order 1/m Q is still too large by a factor of 2 when compared with HQET [6] . Second, the flavor factor N f i (2.11) for heavy-to-light transition is usually smaller than unity (see Table   I ) due to the fact that SU(N) flavor symmetry is badly broken. As stressed in [22, 23, 24] , it is important to take into account this flavor-suppression factor when evaluating the heavyto-light baryon form factors.
We next turn to the Cabibbo-allowed decays B b (
+ ) + P (V ) with the general amplitudes:
with u µ being the Rarita-Schwinger vector spinor for a spin- 3 2 particle. The external and internal W -emission contributions under factorization approximation become 18) and 19) where i = 1, 2, 3, and the form factorsf i as well asḡ i are defined by
In deriving (2.18) we have applied the constraint p ν u ν (p) = 0. As before, form factors are evaluated at zero recoil using the nonrelativistic quark model and the results are (see
The above form factors are applicable to heavy-to-heavy (i.e., 6 → 6 * ) and heavy-to-light (i.e., 6 → 10) baryon transitions.
In HQET the + matrix elements are given by (see e.g., [19] )
where ξ 1 and ξ 2 are the baryon Isgur-Wise functions introduced in (2.12). We find that at zero recoilf
Since N f i = 1 for heavy-to-heavy transition, it is clear that the quark model results for Since the calculation for the q 2 dependence of form factors is beyond the scope of the nonrelativistic quark model, we will follow the conventional practice to assume a pole dominance for the form-factor q 2 behavior: where m V (m A ) is the pole mass of the vector (axial-vector) meson with the same quantum number as the current under consideration. As shown in [6] , a dipole q 2 behavior [ i.e., n = 2 in (2.24)] is more preferred since it is close to the baryon Isgur-Wise function calculated in various models [25, 26, 27] . Nevertheless, one should bear in mind that the assumption of pole dominance for form factors is probably too simplified and this problem remains unresolved.
Assuming a dipole q 2 behavior for form factors, we have tabulated in Table I Note that the CDF measurement [9] m Λ b = 5621 ± 4 ± 3 MeV has better accuracy than the PDG value 5641 ± 50 MeV [30] ; the combined value is m Λ b = 5621 ± 5 MeV.
Results and Discussion
With the baryon form factors tabulated in Table I + + P (V ) decays, the up-down asymmetry parameter α is found to be negative. 4 As noted in [11] , the parameter α in predictions should be most reliable for those decay modes which proceed only through the 4 The parameter α of Λ b → J/ψΛ is estimated to be 0.25 in [7] , whereas it is −0.10 in our case. 
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s Ξ c , that receive contributions from factorizable terms and W -exchange. Since the nonfactorizable internal W -emission amplitude B is a priori not negligible, our results for
(see Tables II and III) are subject to the uncertainties due to possible contributions from the quark diagram B.
In order to have the idea about the magnitude of branching ratios, let us take a 1 ∼ 1 as that inferred from B → D ( * ) π(ρ) decays [33] and a 2 ∼ 0.28 as that in B → J/ψK ( * ) decays.
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Using the current world average τ (Λ b ) = (1.23 ± 0.06) × 10 −12 s [29], we find from Table II that
Our estimate for the branching ratio of Λ b → J/ψΛ is consistent with the CDF result [9] :
Recall that the predictions (3.2) are obtained for |V cb | = 0.038 .
Since the decay mode Ω 0 c → π + Ω − has been seen experimentally, we also show the estimate of Γ and α in Table IV for Ω 0 c → 3 2 + + P (V ) decays with the relevant form factors being given in Table I . For comparison, we have displayed in Table IV [35] , where the formulas for Γ and α in + + V is opposite to that of [35] . 7 Therefore, it is desirable to measure the parameter α in decays Ω c → decays. It is very desirable to measure the asymmetry parameter to discern different models. 
